After an ischemic stroke, there is a prolonged inflammatory response and secondary phase of injury that is more amenable to treatment than acute neurotoxicity. Surprisingly, little is known about temporal and spatial relationships between inflammation and white matter injury. Here, we quantified development of white matter damage, inflammation, and a glial limitans at 1, 3, and 7 days after transient ischemia in the rat striatum using immunohistochemistry. Quantitative analysis showed that decreased staining for myelin basic protein and increased staining for damaged myelin basic protein began in the core, coincided with neutrophil infiltration, and progressed outward over time. Axon damage (i.e. accumulation of amyloid precursor protein) began at the edge of the lesion, coinciding with substantial microglia/macrophage activation, and progressed into the core. During the 7 days, activated microglia/macrophages dramatically increased only in the core and edge of the lesion. Detailed spatial analyses revealed that activated microglia/macrophages that surrounded undamaged axon bundles did not express ED1, a marker of phagocytic cells, whereas those inside damaged bundles expressed ED1. These results imply different contributions of neutrophils and microglia/macrophages to white matter injury after ischemic stroke. The distinct localizations of activated microglia/macrophages imply complex signals that regulate their migration toward and infiltration of damaged white matter.
INTRODUCTION
Thromboembolic stroke leads to ischemic brain injury, and the resulting loss of brain cells is a leading cause of death and long-term disability (1, 2); thus, many experimental stroke studies have focused on neuron death. Initially, white matter was thought to be resistant to stroke, but it is now recognized that axons and myelin are susceptible to hypoxic and excitotoxic insults (3Y5). White matter damage disrupts normal neuronal transmission and thus likely is a key predictor of the outcome (6Y8).
After an ischemic stroke, there is a secondary injury phase that can progress for hours to days, with the development of a penumbra in which neurons and white matter are at risk (9Y13). This phase is characterized by a prominent inflammatory response that is delayed in onset and is thus temporally more amenable to treatment than acute neurotoxicity (14Y16). Neutrophils, microglia, and macrophages are assumed to contribute to secondary neuronal damage, but the role of microglia is widely debated because of their capacity to produce both cytotoxic mediators and molecules that can aid in damage resolution and repair (17Y19). It has been postulated that white matter is particularly vulnerable to inflammatory mediators (20) , and that inflammation after stroke might damage white matter at times and in locations in which no loss of neurons is seen. Surprisingly, very few studies have examined the coevolution of inflammation and white matter damage after stroke (5, 21) . There are little or no quantitative data concerning temporal and spatial relationships between inflammatory cells (i.e. neutrophils, microglia, macrophages) and axon and myelin damage. Moreover, there are discrepancies in the published data, even when the same model was used.
Approximately 25% of ischemic infarcts in humans are lacunar and result from occlusion of small perforating arteries that supply subcortical regions of the brain; these infarcts usually affect deep cerebral white matter and basal ganglia (22, 23) . To model this form of transient focal ischemic stroke, we injected the vasoconstrictor peptide, endothelin-1, into the rat striatum (5, 21, 24Y26) . This method produced a reproducible lesion that was restricted to the anterior striatum (i.e. caudate plus putamen) and was surrounded by relatively normal striatal tissue. We used this model to quantify the temporal and spatial progression of damage to myelin and axons, and its relationship to neutrophils, activated microglia, and macrophages.
MATERIALS AND METHODS

Induction of Transient Focal Cerebral Ischemia and Tissue Preparation
were anesthetized and placed in a small-animal stereotaxic instrument (David Kopf Instruments, Tujunga, CA). Under aseptic conditions, skin coverings were cleared, and a 1-mmdiameter burr hole was drilled in the skull (0.2 mm anterior and 3.5 mm lateral to bregma) and a 30-gauge needle was then lowered into the right caudate putamen (6 mm ventral to the skull surface). The vasoconstrictor peptide, endothelin-1 (Calbiochem, EMD Biosciences, Gibbstown, NJ), was injected to produce transient focal ischemia (5, 24Y27) . During a 5-minute period, 400 pmol endothelin-1 in 1 KL PBS was injected using an UltraMicroPump II (World Precision Instruments, Sarasota, FL). The needle was left in place for a further 5 minutes to prevent solution reflux. Control animals (n = 9) were injected with 1 KL saline. Each animal's core body temperature was maintained at 36.5-C using an electric heating pad throughout surgery and recovery. No rats died as a result of the surgery. We used the minimum number of animals necessary for statistical analysis of a large number of parameters. All endothelin1Yinjected rats (n = 12) displayed behavioral deficits (e.g. ipsilateral turning bias) but were able to eat, drink, and groom themselves. This protocol produced a lesion in part of the striatum with a surrounding zone of relatively undamaged tissue for comparison. An earlier study using endothelin-1 showed that reducing local blood flow in the striatum and cortex by more than 60% produced a lesion of about the same size (5).
Animals were killed at 1, 3, or 7 days by an overdose of the anesthetic isoflurane. For staining with 2,3,5,-triphenyl-2H-tetrazolium chloride ([TTC] Sigma-Aldrich, St Louis, MO) to determine the lesion volume, rats were perfused transcardially with 60 mL PBS (pH 7.5). The brains were removed, cut at 2 and 10 mm from the anterior end using a brain matrix, and 500-Km-thick sequential slices were made with a VT 1000S vibratome (Leica, Richmond Hill, Ontario, Canada). The 16 serial sections were incubated in 2% TTC for 30 minutes in a 37-C water bath, photographed with a digital camera, and analyzed with ImageJ software (version 1.33 k, National Institutes of Health). For immunohistochemistry, they were perfused with 4% paraformaldehyde (EMD Biosciences) and 2% sucrose in PBS (pH 7.5). The isolated brains were stored in the same fixative at 4-C for 24 hours, then in 10% sucrose for 24 hours, and finally in 30% sucrose until they were sectioned. Coronal slices were made at 3, 6, and 9 mm from the anterior end of the brain. Frozen brain sections (16 Hm thick) were made using a cryostat (Model CM350S, Leica) and stored at j40-C until used.
Immunohistochemistry
Individual brain sections were circled with a PAP pen and then incubated overnight at 4-C in PBS containing 3% normal donkey serum, 0.3% Triton X-100, and the appropriate primary antibody, as follows. Mouse monoclonal anti-MBP (1:100; Sigma-Aldrich) was used to detect MBP (Fig. 1A) . Regions of myelin damage or demyelination were identified with a rabbit polyclonal antibody that recognizes only degraded MBP ([dMBP] 1:250; Chemicon, Temecula, CA) (28) . Accumulation of amyloid precursor protein (APP) was detected with rabbit polyclonal anti-APP (1:250; Zymed, South San Francisco, CA). Neutrophils were labeled with rabbit polyclonal anti-myeloperoxidase (1:50; Dako-Canada, Mississauga, Canada). Astrocytes were labeled with mouse monoclonal anti/glial fibrillary acidic protein ([anti-GFAP] 1:500; Sigma-Aldrich). Microglia/macrophages were labeled with rabbit polyclonal anti/ionized calcium-binding adapter-1 ([anti-Iba1] 1:1000; Wako, Japan). Mouse monoclonal anti-ED1 (1:100; Serotec, Raleigh, NC) was used to label the lysosomes of highly activated phagocytic microglia/macrophages. For secondary antibody labeling, the sections were washed in PBS (3Â, 10 minutes each) and then incubated (2 hours, room temperature) in PBS containing 3% normal donkey serum, 0.3% Triton X-100, and both a Cy3-conjugated donkey antirabbit antibody and a fluorescein isothiocyanateYconjugated donkey anti-mouse antibody. The sections were washed twice in PBS (10 minutes each), and then 4 ¶-6-diamidino-2-phenylindole (DAPI) (1:5000 Sigma-Aldrich) was applied for 5 minutes, followed by another 10-minute wash in PBS. Negative controls were treated in the same manner but omitting the primary antibody.
The slides were coverslipped using 50:50 glycerol-PBS and examined with an LSM 510 META confocal fluorescence microscope (Zeiss, Oberkochen, Germany). To reduce variability in staining intensity, all immunohistochemistry was carried out on the same day for each stain with the same reagents; ipsilateral and contralateral hemispheres of each animal were compared. For intensity and area analysis, all images were captured using the same pinhole size, intensity, and contrast settings, and with short exposure times at low (5Â or 10Â) magnification to prevent fading. As a further validation, no evidence of fading (decreased intensity) was seen when 10 consecutive images were taken from the same location.
Quantifying Myelin and Axonal Damage, Immune Cells, and the Astrocytic Response
Before performing detailed analyses, we validated an unbiased sampling procedure and assessed whether the needle entry and fluid injection caused damage. The ipsilateral striatum of control saline-injected animals (n = 9) was compared with the contralateral striatum for the key parameters that were to be quantified (Fig. 1C) . To validate the unbiased sampling procedure, we tested for differences in densities of microglia/ macrophages (Iba1-labeled cells) at 3 locations along the rostral-caudal axis with respect to the injection site (1 mm anterior, center, 1 mm posterior) at each of the experimental time points (1, 3, 7 days) as follows. For each ipsilateral section from endothelin-1Yinjected animals, 4 200 Â 200/Km areas were assessed in each of 3 regions: the core, edge of the infarct, and surrounding striatum (a total of 12 sample areas from each of the 3 locations along the rostralcaudal axis). In the undamaged contralateral striatum of endothelin-1Ytreated animals, 4 larger sampling areas (369 Â 369 Km) were assessed at the 3 locations along the rostralcaudal axis; regional details were not needed because there was no lesion. Quantitative analysis (2-way analysis of variance [ANOVA]) showed that there were no statistical differences in densities of microglia/macrophages (Iba1-labeled cells) along the rostral-caudal axis (data not shown), providing further evidence against fluid injectionYmediated damage.
After this validation of sampling procedures, all subsequent analyses of cell densities, staining areas, and intensities used 1 brain section from the center of the injection site, then averaged multiple sample areas from each location, and compared the ipsilateral and contralateral sides. The sample areas had different sizes depending on the parameter assessed. White matter tracts vary in diameter and density throughout the striatum. Therefore, to reduce this variability when quantifying MBP and dMBP at each region, 2 large (500 Â 500 Km) sampling areas were analyzed for each section. Staining intensities were quantified by subtracting the background fluorescence, converting the images to a gray scale and then calculating the mean gray value using ImageJ software. For the same sample sites, the area fraction of staining was calculated by ImageJ after the background fluorescence was subtracted. The area of APP staining was quantified using the same method except that comparison of the undamaged contralateral striatum was omitted because there was no detectable APP staining. For analyzing the astrocytic response, GFAP-stained areas and intensities were quantified in 4 200 Â 200<Km sampling areas each, from the core, edge of infarct, and surrounding striatum (12 areas per brain section) and compared with the 4 larger sampling areas (369 Â 369 Km) from the undamaged contralateral striatum. This approach was more accurate than counting cells because it accounts for the increase in GFAP immunostaining in reactive astrocytes (29) and avoids inaccuracies resulting from their complex morphology. The densities of microglia/macrophages (anti-Iba1 or anti-ED1) were counted in 4 200 Â 200<Km sampling areas each from the core, edge of infarct, and surrounding striatum (12 areas per brain section), and compared with 4 larger sampling areas (369 Â 369 Km) from the undamaged contralateral striatum.
Statistical Analysis
Staining intensities in the damaged regions (core, edge of infarct) were normalized to the undamaged contralateral striatum of the same animal, which was set to 1.0 for MBP and GFAP and 0 for dMBP. For each analysis, mean values within a zone (core, edge of infarct, contralateral striatum) were first obtained for the number of preselected sampling areas for each stain. The data are presented as mean T SEM (except for Fig. 8E ) for the number of animals indicated. Differences were determined by 1-way ANOVA or 2-way ANOVA when assessing 2 independent variables: time and brain region. In both instances, ANOVA was followed by the Bonferroni correction; differences were considered significant if p G 0.05.
RESULTS
Temporal and Spatial Relationships Between Myelin Loss and Damage to Myelin and Axons
The striatum is well delineated and penetrated by white matter bundles (Fig. 1A) . This feature facilitated a detailed spatial analysis of the relationship between inflammation and white matter damage and allowed us to compare staining with multiple antibodies at the same site. Metabolically compromised regions show pale staining with TTC. Injecting saline (1 KL) did not cause damage, as shown by TTC staining at 3 days (Fig. 1B) and by control immunostaining in several later figures. In contrast, large infarcts were evident at 3 and 7 days after endothelin-1 injection (Figs. 1C, D) . The unbiased counting procedure is illustrated in Figure 1C . Staining with TTC was also used at 3 days to demonstrate the reproducibility of the endothelin-1 model. The infarct volume was measured in sequential 500-Km-thick slices through the entire lesion in a cohort of animals (n = 6). The mean total volume at 3 days was 41 T 2 mm 3 . The progression of myelin damage was monitored using antibodies against MBP and dMBP (28) at 1, 3, and 7 days after the stroke. Figure 2 shows representative confocal images in the core and at the lesion edge, from the contralateral striatum, and from the injection site center for saline-injected rats. Staining with MBP was very similar in saline-injected controls to that in the undamaged contralateral side (Figs. 2AYC, right panels), and there was no dMBP staining (Figs. 2DYF, right panels). Thus, for subsequent quantitative analysis, we compared the damaged ipsilateral to the undamaged contralateral striatum of each rat. Comparing staining in the same animal was useful for reducing any variability in antibody labeling and imaging. Figure 3 shows quantification of the mean intensity and fraction of total area stained compared with the undamaged contralateral striatum. The p values are explained in the figure legends because several statistical comparisons were made on each graph. At Day 1, MBP staining in the core of the infarct appeared normal ( Fig. 2A) , and the staining intensity and area fraction did not differ from the contralateral striatum (Figs. 3A, B) . Staining for dMBP was restricted to small puncta in the core ( Fig. 2A) , which was reflected by an increase in mean dMBP intensity (Fig. 3C) but not in the area fraction (Fig. 3D) . From Days 1 to 7, there was a progressive loss in intensity (Fig. 3A) and area fraction (Fig. 3B ) of MBP staining in both the core and at the edge of the infarct (Fig. 2) . During the same time course, there was a progressive increase in damaged myelin in the core and at the edge; the intensity ( Fig. 3C) and area (Fig. 3D ) of dMBP staining increased. Damage in the core was more severe than at the edge, and there was a clear delineation between the 2 regions (Figs. 2E, F) .
In healthy CNS neurons, APP is present throughout axons and fast anterograde transport maintains a low concentration that is difficult to detect by immunohistochemistry. When this transport fails, APP accumulates, and it is thus a useful marker of axonal damage (30, 31) and detects more subtle damage than routine histopathologic stains (32) . There was no evidence of axonal damage in the undamaged contralateral striatum or in saline-injected animals (Figs. 4AYC, right panels). By Day 1 in the ipsilateral striatum, there was very little APP staining at the edge of the infarct but a small increase in the core (Figs. 4A, D) . This corresponds well with a lack of change in MBP staining at this time ( Figs. 2A, D; 3A, B). From Days 3 to 7, APP staining increased first at the edge of the infarct and then in the core after a delay (Fig. 4D) . On Day 3, there was punctate APP staining inside myelinated bundles at the edge (Fig. 4B) . Similar spatial comparisons could not be made for the core and at Day 7 because of the extensive loss of MBP staining (Figs. 2B, C, F, 3A, B).
Formation of a Glial Limitans
On Day 1, there was a decrease in both GFAP staining intensity (Fig. 5D ) and fractional area occupied (Fig. 5E ) within the core, but normal-appearing astrocytes were present at the edge of the infarct (Figs. 5A, D, E) . By Day 3, many astrocytes displayed a reactive phenotype with shorter processes and increased GFAP staining intensity, and an astrocytic boundary had developed (Fig. 5B ) that remained on Day 7 (Fig. 5C ). From Days 1 to 7, both the intensity (Fig. 5D ) and area ( Fig. 5E ) of GFAP staining increased at the edge of the infarct and decreased in the core.
On Day 1, Iba1-labeled microglia with processes were distributed throughout the core and edge of the lesion (Fig. 5A ). On Days 3 and 7, the core was filled with intensely stained macrophages/microglia (Figs. 5B, C) . By Day 7, this resulted in a clear boundary between intense GFAP and Iba1 staining at the edge of the infarct (Fig. 5C) . We use the collective term microglia/macrophages for the rounded-up cells (Figs. 6B, C ) because activated microglia with retracted processes are indistinguishable from macrophages (33) .
The distribution of Iba1 staining was compared with highly activated (likely phagocytic) microglia/macrophages labeled with an antibody against the lysosomal marker, ED1. At all times examined, the density of Iba1-labeled cells outside the lesion was the same as in the undamaged contralateral striatum (Fig. 6D) , and ED1-positive cells were not detected (Figs. 6AYC, left side in each ED1 image). Progressively staining with Iba1 and ED1 increased in the core and at the edge of the infarct (Figs. 6D, E) , but the density of ED1-stained cells was always lower than of Iba1-stained cells (Figs. 6F, G) , with about 50% as many ED1-positive cells on Days 3 and 7. Differential staining is seen in higher magnification images (Figs. 6B, C, right panels), in which arrowheads indicate examples of cells stained with Iba1 but not ED1.
General Spatial and Temporal Relationship Between Inflammation and Myelin Damage
We next assessed whether neutrophils that rapidly infiltrate after stroke (34Y36) correspond temporally and spatially with myelin damage. On Day 1, many neutrophils (i.e. small round myeloperoxidase-stained cells) were present inside and around the myelinated bundles in the core (Fig. 7A) . Thereafter, the numbers of neutrophils progressively decreased, and by Day 3, most remaining neutrophils were outside the myelinated bundles. This observation is important because by Day 3, the MBP staining had decreased (Figs. 2A, B, 7B) , and most bundles contained dMBP (Fig. 2B) . By Day 7, neutrophils and normal MBP staining were not detected in the core (Fig. 7C) , whereas all bundles contained dMBP (Fig. 2C) . There was a different temporal and spatial relationship between myelin damage and Iba1-positive microglia/macrophages (37) . There FIGURE 3. Quantification of the loss of normal myelin and increase in damaged myelin. Summary of the temporal and spatial changes in intensity (normalized to the contralateral striatum; dotted line) and area of staining (expressed as percent of total area examined) from 1 to 7 days after an ischemic stroke. Values are shown as mean T SEM for 2 500 Â 500<Km sampling areas at each location and time (4 rats per time point). Statistical comparisons are based on 2-way analysis of variance with Bonferroni post hoc tests. Levels of significance are indicated as follows: 1 symbol of any type, p G 0.05; 2 symbols, p G 0.01; 3 symbols, p G 0.001. The different symbols refer to the following comparisons: c, differences from the contralateral striatum; t, differences from the previous time point at the same site; * differences between adjacent values marked with a horizontal bar, that is, core versus edge. (A, B) Myelin basic protein (MBP). The staining intensities in the core and at the edge of the infarct were compared with the contralateral side, which was set to 1.0 (dotted line). The area of staining in each location (core, edge, undamaged contralateral striatum) is expressed as a percent of the total area analyzed. (C, D) Damaged MBP (dMBP). The staining intensity was compared as in (A) but with staining on the contralateral side set to 0 (i.e. after the very low background fluorescence was subtracted). The percentages of area stained were calculated as in (B), but only the core and edge were analyzed because there was no dMBP staining on the undamaged contralateral side.
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2009 American Association of Neuropathologists, Inc. was relatively weak Iba1 staining of ramified microglia in the undamaged contralateral striatum at each time point (Fig. 7) . In control saline-injected animals, some microglia were more brightly stained with larger cell bodies at Day 1 (resolved by Day 3), but if this reflected transient microglial activation, it did not cause white matter damage, as judged by the lack of dMBP and APP staining at 3 and 7 days. In the ipsilateral striatum on Day 1, microglia/macrophages with retracted processes were prevalent between but not inside the myelinated bundles in the core and at the edge of the infarct (Fig. 7A) . In contrast, most MBP-stained myelinated bundles in both locations were infiltrated with activated microglia/ macrophages by Day 3 (Fig. 7B) . By Day 7, the core was filled with intensely stained microglia/macrophages (Fig. 7C ). Spatial comparisons with myelin could not be made because the bundles no longer stained for MBP, but at the edge of the infarct on Day 7, MBP-stained bundles were surrounded by microglia/macrophages, with apparently fewer inside.
Detailed Relationship Between Microglia/ Macrophages and Myelin Damage
Myelinated tracts in the striatum extend in the rostralcaudal axis, and because the sections were taken every 16 Km, the same tracts could be identified in adjacent MBP-stained serial sections. Hence, correlations of staining with incompatible antibodies from the same host species could be made. First, we monitored MBP and dMBP staining in double labeled sections at each time point (Fig. 8, left panels) . Only Days 3 (Figs. 8A, C) and 7 (Figs. 8B, D) are shown because there was very little damage on Day 1 (Fig. 3) . At each time point, an adjacent serial section (middle panels) was double labeled with anti-MBP and anti-Iba1 to correlate microglia/ macrophages with undamaged and damaged myelin bundles. Higher magnification images (right-hand panels) were used to determine the average number of microglia/macrophages in each myelinated bundle (Fig. 8E ). In the core on both days (Figs. 8A, B) , almost all bundles contained damaged myelin, the density of activated microglia/macrophages increased (also shown in Fig. 6 ), and they had infiltrated the bundles. The number of microglia/macrophages per myelinated bundle progressively increased from Days 1 to 7 (Fig. 8E) .
Spatial and temporal relationships between microglia/ macrophages and damaged myelin bundles could also be examined at the infarct edges. For example, on Day 3, both normal and damaged axon bundles were seen in the same image (Fig. 8C) . At higher magnification (right panel), it is clear that microglia/macrophages surrounded undamaged bundles (upper image) but had infiltrated the damaged bundles (lower image). Similarly on Day 7, both undamaged and damaged axon bundles were present (Fig. 8D) , and microglia/macrophages surrounded the undamaged bundles but had extensively infiltrated the damaged bundles. These observations were corroborated by the quantitative analysis (Fig. 8E) . In the core, there were some microglia/macrophages within damaged bundles as early as Day 1, and this number substantially increased on Days 3 and 7. Although microglia/macrophages were seen within axon bundles by Days 3 and 7 at the edge of the infarct, there were significantly more cells within bundles in the core. No microglia/macrophages were seen in normal myelinated bundles in the undamaged contralateral striatum at any time point.
DISCUSSION
The salient findings of the present study were as follows. 1) Neutrophils were present both around and inside myelinated bundles at the earliest time examined (Day 1), their numbers decreased by Day 3, and they were not detected by Day 7.
2) The density of activated microglia/macrophages dramatically increased during the 7 days in the core and at the edge of the lesion. 3) During the 7-day period examined, the lesion became increasingly demarcated by a glial limitans composed of reactive astrocytes. 4) Myelin damage began in the infarct core on Day 1 and then progressed to the edge of the infarct on Days 3 and 7, whereas damage was not seen in more distant striatal tissue surrounding the infarct. Conversely, axonal damage first appeared at the edge of the infarct on Day 1 and then progressed into the core from Days 3 to 7. 5) Detailed spatial analyses showed that microglia/macrophages surrounded but did not infiltrate undamaged myelinated bundles, whereas they infiltrated damaged bundles. There were important differences in the spatial and temporal distribution of Iba1 (microglia/macrophage marker) and ED1 staining (lysosomal marker, increased in phagocytic cells). The microglia/macrophages surrounding myelinated bundles were activated, but not phagocytic, whereas phagocytic cells infiltrated bundles in the zone of progressive white matter damage. Our results suggest that neutrophils and microglia/macrophages contribute differently to myelin and axonal injury after ischemic stroke and that there are as yet unknown signals that exclude activated microglia/macrophages from undamaged myelinated bundles but allow them to infiltrate damaged bundles.
The Endothelin-1 Stroke Model
There are surprisingly few reports on white matter injury after experimental stroke and several discrepancies, even when the same model was used. No animal model fully recapitulates human ischemic stroke. The endothelin-1 model has become popular because it causes reproducible lesions, can target smaller and more specific regions than vessel occlusion models, and does not mechanically damage the cerebral vasculature (5, 21, 24Y27, 36). These features were especially important for the present study.
In previous studies, a wide range of endothelin-1 concentrations has been used, with a range of infarct sizes that might account for some differing results. It is important to note that activity of this peptide depends on storage conditions and duration, which highlights the need to report lesion size. In the present study, the striatal lesions (41 T 2 mm 3 ) were about the same size (49.4 mm 3 ) as an earlier study using the same amount of endothelin-1 (400 pmol) (26) . In other studies, much smaller lesions (È6 mm 3 ) with 430 pmol (24) and much larger lesions (75.5 mm 3 ) with 500 pmol (38) are reported. Using an extremely small endothelin-1 dose (10 pmol), 1 study reported intermediate-sized lesions 
Evolution of the White Matter Injury
Most stroke studies have characterized myelin damage as loss of immunoreactivity for MBP (4, 21, 39) or as reduced Luxol fast blue staining (4, 40) . By quantifying the change in areas and intensities of staining for both MBP and dMBP, we show myelin damage beginning in the core at 1 day and progressing for at least 7 days. Our recent study is apparently the only stroke-related study that has directly compared antibodies directed against normal and dMBP (41). In that study of intracerebral hemorrhage, we observed progressive myelin damage both inside and at the edge of the hematoma during the first 7 days, much as in the present study. The dMBP antibody has been used to demonstrate demyelination from 1 to 30 days after inducing chronic ischemia (42) , and myelin breakdown in the hippocampus after hypoxic-ischemic injury (43) . The few existing reports of changes in normal MBP staining after cerebral ischemia differ in their conclusions, but detailed comparisons cannot be made because none quantified the changes or compared different regions of the lesion. Myelin damage was shown only at 1 day (5) or 3 and 7 days (21) after endothelin-1 injection into the striatum, and 1 to 2 weeks after middle cerebral artery occlusion (MCAo) (4) .
We also monitored APP, a sensitive marker of axon dysfunction (31) . Here, and after intracerebral hemorrhage (41), axon damage was evident by Day 3 at the edge of the infarct and progressed into the core, which supports the view that axon damage can occur in the absence of demyelination. Our results are consistent with earlier studies that showed early APP accumulation around the infarct in the MCAo model (4, 44) or after photochemically induced common carotid artery thrombosis (32) . It is possible that differences from other studies are caused by infarct size; in the MCAo model, APP accumulation correlated with lesion volume (44) . In the 2 studies in which extremely small amounts of endothelin-1 were injected into the striatum, one produced intermediate-sized lesions and observed APP accumulation (5) and the other saw no accumulation but did not report the lesion size (21) .
Relationship of the Inflammatory Response to White Matter Damage
After acute CNS injury, the lesion becomes surrounded by a glial scar (glial limitans) composed of reactive astrocytes, activated microglia, and macrophages that may contribute to both damage and lesion resolution (13, 45, 46Y48) . Potentially beneficial roles include physically confining the damage, producing trophic factors, and removing cellular debris by phagocytosis (18, 49, 50) . Some inflammatory products can be directly neurotoxic, however, and thus might exacerbate damage in the stroke penumbra (17, 51, 52) . We expect that the outcomes of inflammation will differ with proximity to the infarct and at different times during injury development and resolution; thus, it is essential to conduct a detailed analysis of the spatial and temporal development of the inflammatory response.
In the first week after the stroke, we observed progressive formation of a glial scar, wherein reactive astrocytes surrounded the infarct that transiently contained neutrophils and was increasingly infiltrated with activated microglia/macrophages. Neutrophils were present around and inside damaged myelinated bundles at the earliest time examined (1 day), consistent with initiating the myelin damage, and then became undetectable by 7 days. Neutrophils are expected to cause bystander damage because of the large amounts of inflammatory cytokines, reactive oxygen species, and the matrix metalloproteases they produce (53Y55). A microglia/macrophage response has been described in numerous stroke studies (52, 56) and has been proposed to mediate white matter damage (57) but with little evidence. Our quantitative analysis showed that progressive myelin damage coincided in time and space with a large increase in activated microglia/macrophages and not with reactive astrocytes, but also suggests more complex roles for these cells. In the infarct core, both axon and myelin damage progressively worsened during the 7 days, and large numbers of activated microglia/macrophages infiltrated the myelinated bundles; thus, they might initiate and perpetuate the myelin damage at this location. Axon damage began by Day 1 at the edge of the lesion in a zone containing activated microglia/ macrophages (not neutrophils) that were appropriately positioned to cause the axon injury. At this early time point, microglia/macrophages had not infiltrated into the myelinated tracts despite the evident axon damage, suggesting that these 2 white matter components are damaged by different mechanisms. During the 7-day period, the density of activated microglia/macrophages increased; they first surrounded undamaged myelinated bundles and later infiltrated only the damaged bundles, which suggests that these cells respond to damage in the myelinated tracts beyond the lesion core.
Many experimental stroke studies have reported rapid but short-lived neutrophil recruitment (34, 35, 58, 59 ), but there are discrepancies in the timing and in the reported accumulation of activated microglia and macrophages. In 3 previous studies of neutrophils using the endothelin-1 model, 1 study observed peak neutrophil numbers at 1 day, which decreased at 3 days and were undetectable by 7 days (21) . Another study reported a complete absence of neutrophils (5) , and a recent study reported neutrophils as early as Day 1 but showed that approximately 50% of them were inside Bmacrophages[ by Day 3 (36) . The reasons for these discrepancies are not clear but might reflect the labeling methods. We labeled neutrophils with an antibody against myeloperoxidase and saw no difference whether a sodium citrate antigen retrieval technique was used. Two articles used antibodies against unknown neutrophil antigens, that is, HB199 without antigen retrieval (5) and MBS-1 with antigen retrieval (21) .
To assess inflammation, previous studies of white matter damage after ischemic stroke have used the ED1 antibody to label cells they call macrophages, apparently ignoring the contribution of resident microglia. ED1 is not a comprehensive marker for activated microglia/macrophages, it predominantly labels lysosomes and is increased when these cells become phagocytic (60) . Using the endothelin-1 model of striatal stroke, 1 report showed no recruitment of ED1-labeled cells until Day 3 (5), whereas another saw accumulation at Day 1 with maximal accumulation at 3 and 7 days (21). Axonal damage was not observed in either study. One study using the MCAo stroke model reported an increase in Iba1 staining, but no ED1 staining in the peri-ischemic area at 7 days (61), implying a lack of phagocytosis in the penumbra. We detected ED1 staining beginning at 3 days postinjury, and more Iba1-labeled microglia/macrophages became ED1 positive in the core than at the edge of the infarct. About 50% were double labeled at 3 and 7 days in both locations. The brightly stained Iba1-positive cells surrounding intact myelinated bundles in the penumbra had an activated morphology (i.e. retracted processes) but did not stain for ED1 and, thus, were not likely phagocytic. In contrast, ED1-labeled cells (presumably phagocytes) were present in the zone of progressive white matter damage. This differential pattern of staining supports our hypothesis that microglia/macrophages perform different functions within and outside the core, which cannot be deduced from their Bactivated[ morphology alone. In the future, it will be valuable to assess molecular states of microglia/macrophage activation and their products with time and location after the stroke.
This study provides the first such quantification of temporal and spatial relationships between inflammation and white matter damage after experimental stroke and should provide a useful framework for future work on potential therapeutic interventions.
